
1. Name	
  of	
  Experiment/Project/Collaboration:	
  Daya	
  Bay	
  Reactor	
  Neutrino	
  Experiment	
  
2. Physics	
  Goals	
  

a. Primary:	
  precise	
  determination	
  of	
  neutrino	
  mixing	
  angle	
  θ13	
  and	
  effective	
  mass-­‐splitting	
  Δm2
ee	
  

b. Secondary:	
  precise	
  measurement	
  of	
  absolute	
  flux	
  and	
  energy	
  spectrum	
  of	
  reactor	
  	
  
antineutrinos,	
  search	
  for	
  sterile	
  neutrinos,	
  observation	
  of	
  supernova	
  neutrinos	
  and	
  
new	
  neutrino	
  interactions	
  

3. Location	
  of	
  the	
  experiment/project:	
  Daya	
  Bay	
  Nuclear	
  Power	
  Facility,	
  Shenzhen,	
  China	
  
4. Neutrino	
  source:	
  electron	
  antineutrinos	
  from	
  nuclear	
  reactors	
  
5. Primary	
  detector	
  technology:	
  liquid	
  scintillator	
  and	
  photomultiplier	
  tubes	
  (PMTs)	
  
6. Short	
  description	
  of	
  the	
  detector	
  

There	
  are	
  eight	
  antineutrino	
  detectors	
  (ADs)	
  located	
  in	
  two	
  near	
  and	
  one	
  far	
  underground	
  
halls.	
  Each	
  AD	
  consists	
  of	
  three	
  nested	
  cylindrical	
  vessels.	
  The	
  inner	
  two	
  are	
  acrylic,	
  3	
  m	
  tall	
  by	
  
3	
  m	
  in	
  diameter	
  and	
  4	
  m	
  tall	
  by	
  4	
  m	
  in	
  diameter.	
  The	
  outer	
  one	
  is	
  a	
  5	
  m	
  tall	
  and	
  5	
  m	
  in	
  
diameter	
  stainless	
  steel	
  tank.	
  The	
  inner	
  vessel	
  is	
  filled	
  with	
  20	
  t	
  of	
  0.1%	
  gadolinium-­‐loaded	
  
liquid	
  scintillator,	
  which	
  is	
  surrounded	
  by	
  21	
  t	
  of	
  unloaded	
  liquid	
  scintillator.	
  Between	
  the	
  
stainless	
  steel	
  and	
  the	
  4-­‐m	
  acrylic	
  vessels	
  is	
  37	
  t	
  of	
  mineral	
  oil.	
  There	
  are	
  192	
  PMTs	
  mounted	
  
on	
  the	
  inner	
  surface	
  of	
  the	
  cylinder.	
  The	
  ADs	
  are	
  shielded	
  by	
  at	
  least	
  2	
  m	
  of	
  ultra-­‐pure	
  water	
  in	
  
pools	
  which	
  are	
  instrumented	
  as	
  two	
  optically	
  decoupled	
  water	
  Cherenkov	
  detectors	
  for	
  
tagging	
  cosmic-­‐ray	
  muons.	
  The	
  top	
  of	
  each	
  pool	
  is	
  covered	
  by	
  a	
  layer	
  of	
  resistive-­‐plate	
  
chambers.	
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b. Number	
  of	
  present	
  collaborators:	
  253	
  
c. Number	
  of	
  collaborators	
  needed:	
  253	
  

9. R&D	
  
a. List	
  the	
  topics	
  that	
  will	
  be	
  investigated	
  and	
  that	
  have	
  been	
  completed:	
  	
  

i. synthesis	
  of	
  linear	
  alkyl	
  benzene-­‐based	
  gadolinium-­‐doped	
  liquid	
  scintillator	
  with	
  
excellent	
  optical	
  properties	
  and	
  long-­‐term	
  stability.	
  

ii. light,	
  thin,	
  flexible	
  magnetic	
  shield	
  for	
  photomultiplier	
  tubes.	
  
iii. Design	
  and	
  fabrication	
  of	
  scintillator	
  compatible,	
  thin-­‐walled	
  nested	
  acrylic	
  vessels	
  

b. Which	
  of	
  these	
  are	
  crucial	
  to	
  the	
  experiment:	
  	
  
i. the	
  0.1%	
  gadolinium-­‐loaded	
  liquid	
  scintillator	
  provides	
  an	
  effective	
  means	
  to	
  capture	
  

the	
  neutrons	
  produced	
  in	
  the	
  inverse	
  beta-­‐decay	
  reaction	
  of	
  the	
  reactor	
  antineutrinos,	
  
giving	
  rise	
  to	
  an	
  8-­‐MeV	
  delayed	
  signal	
  which	
  is	
  significantly	
  more	
  energetic	
  than	
  those	
  
from	
  radioactive	
  contaminants.	
  In	
  addition,	
  the	
  relatively	
  short	
  capture	
  time	
  reduces	
  
the	
  amount	
  of	
  accidental	
  coincidence.	
  Both	
  features	
  greatly	
  reduce	
  background.	
  



ii. The	
  magnetic	
  shield	
  significantly	
  reduces	
  the	
  effect	
  of	
  the	
  earth’s	
  magnetic	
  field	
  and	
  
leads	
  to	
  more	
  uniform	
  energy	
  resolution	
  throughout	
  the	
  fiducial	
  volume.	
  This	
  is	
  
important	
  for	
  precision	
  measurement.	
  

iii. The	
  acrylic	
  vessel	
  assembly	
  contains	
  the	
  liquid	
  scintillator	
  and	
  is	
  used	
  for	
  the	
  
antineutrino	
  detection	
  inside	
  the	
  detector	
  

c. Time	
  line:	
  complete.	
  
d. Benefit	
  to	
  future	
  projects:	
  	
  

i. established	
  a	
  recipe	
  for	
  synthesizing	
  metal-­‐loaded	
  liquid	
  scintillators	
  with	
  excellent	
  
optical	
  properties	
  and	
  long-­‐term	
  stability.	
  Linear	
  alkyl	
  benzene	
  has	
  a	
  high	
  flash	
  point,	
  is	
  
non-­‐toxic,	
  biodegradable,	
  and	
  is	
  relatively	
  cheap.	
  	
  

ii. Identified	
  FINEMET	
  as	
  an	
  excellent	
  thin	
  foil	
  for	
  shielding	
  magnetic	
  fields.	
  It	
  is	
  cheaper	
  
than	
  mu-­‐metal	
  and	
  is	
  easier	
  to	
  work	
  with.	
  	
  

iii. US	
  knowledge	
  in	
  design	
  and	
  fabrication	
  of	
  acrylic	
  containment	
  vessels	
  for	
  liquid	
  
scintillator	
  is	
  used	
  in	
  future	
  experiments	
  (e.g	
  LZ	
  neutron	
  shield)	
  

10. Primary	
  physics	
  goal	
  expected	
  results/sensitivity:	
  
a. For	
  exclusion	
  limit	
  (such	
  as	
  sterile	
  neutrino	
  search),	
  show	
  3-­‐sigma	
  and	
  5-­‐sigma	
  limits:	
  NA	
  	
  
b. For	
  discovery	
  potential	
  (such	
  as	
  the	
  Mass	
  Hierarchy),	
  show	
  3-­‐sigma	
  and	
  5-­‐sigma:	
  NA	
  
c. For	
  sensitivity	
  plots,	
  show	
  3-­‐sigma	
  and	
  5-­‐sigma	
  sensitivities:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Precision	
  of	
  sin22θ13	
  as	
  a	
  function	
  of	
  time	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Precision	
  of	
  Δm2
ee	
  as	
  a	
  function	
  of	
  run	
  time	
  	
  

	
  

By	
  2017,	
  the	
  precision	
  of	
  sin22θ13	
  and	
  Δm2
ee	
  will	
  be	
  ~0.003	
  and	
  ~7	
  x	
  10-­‐5	
  eV2	
  respectively	
  –	
  the	
  

most	
  precise	
  in	
  the	
  world	
  for	
  the	
  foreseeable	
  future.	
  	
  The	
  improved	
  precision	
  on	
  sin22θ13	
  will	
  
improve	
  the	
  precision	
  on	
  measurements	
  of	
  the	
  CP	
  violating	
  phase	
  δ	
  by	
  future	
  long	
  baseline	
  
experiments.	
   	
   	
  

d. List	
  the	
  sources	
  of	
  systematic	
  uncertainties	
  included	
  in	
  the	
  above,	
  their	
  magnitudes	
  and	
  the	
  
basis	
  for	
  these	
  estimates.	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  From	
  Publication	
  (3).	
  
The	
  uncertainties	
  are	
  determined	
  using	
  measurements	
  and/or	
  simulation.	
  	
  

e. List	
  other	
  experiments	
  that	
  have	
  similar	
  physics	
  goals:	
  Double	
  Chooz,	
  RENO,	
  T2K,	
  NOvA	
  
f. Synergies	
  with	
  other	
  experiments:	
  Double	
  Chooz,	
  RENO,	
  T2K,	
  NOvA,	
  JUNO,	
  LBNE	
  

11. Secondary	
  Physics	
  Goal	
  
a. Expected	
  results/sensitivity	
  

i. Search	
  for	
  a	
  light	
  sterile	
  neutrino	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  From	
  Publication	
  (6)	
  
	
   The	
  expected	
  sensitivity	
  in	
  searching	
  for	
  a	
  light	
  sterile	
  neutrino	
  by	
  2017	
  will	
  be	
  

improved	
  by	
  a	
  factor	
  of	
  4.	
  
ii. Measurement	
  of	
  the	
  absolute	
  flux	
  and	
  energy	
  spectrum	
  of	
  reactor	
  antineutrinos:	
  	
  

precision	
  on	
  the	
  flux	
  will	
  be	
  1-­‐2%,	
  and	
  a	
  few	
  percent	
  for	
  the	
  spectrum.	
  
b. List	
  other	
  experiments	
  that	
  have	
  similar	
  physics	
  goals:	
  Double	
  Chooz,	
  RENO	
  

12. Experimental	
  requirements	
  
a. Provide	
  requirements	
  	
  (neutrino	
  source,	
  intensity,	
  running	
  time,	
  location,	
  space,…)	
  for	
  each	
  

physics	
  goal	
  
i. Source:	
  nuclear	
  reactors	
  
ii. rate:	
  3.6	
  x	
  1021	
  antineutrinos/s	
  
iii. running	
  time:	
  6	
  years	
  
iv. location:	
  Daya	
  Bay	
  Nuclear	
  Power	
  Station,	
  Shenzhen,	
  China	
  
v. overburden:	
  ~100	
  m	
  for	
  the	
  near	
  halls,	
  and	
  330	
  m	
  for	
  the	
  far	
  hall	
  
vi. baseline:	
  360	
  m	
  and	
  500	
  m	
  for	
  the	
  near	
  halls,	
  ~1700	
  m	
  for	
  the	
  far	
  hall.	
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The energy of the prompt and delayed candidates
were required to satisfy 0.7 MeV< Ep < 12.0 MeV and
6.0 MeV< Ed <12.0 MeV, respectively, and ∆t = td−tp
must have satisfied a 1<∆t<200 µs coincidence, where
tp and td are the times of the prompt and delayed sig-
nals. A multiplicity cut required no additional candidate
with E>0.7 MeV in the interval 200 µs before tp, 200 µs
after td, or between tp and td. The prompt-delayed pair
was vetoed if the delayed candidate satisfied any of the
conditions −2 µs<td−tµWS <600 µs (water shield muon),
0 < td−tµAD < 1000 µs (AD muon), or 0 < td−tµsh < 1 s
(AD showering muon). The prompt energy, delayed en-
ergy and capture-time distributions for data and MC are
shown in Figs. 9–11, respectively.

Fig. 9. Prompt energy spectrum from AD1. IBD
selection required 0.7<Ep<12.0 MeV. The spec-
trum of accidental backgrounds, determined from
the distribution of all prompt-type signals, was
subtracted.

Fig. 10. Delayed energy spectrum from AD1. IBD
selection required 6.0<Ed<12.0 MeV. The spec-
trum of accidental backgrounds, determined from
the distribution of all delayed-type signals, was
subtracted.

The data are generally in good agreement with the
MC. The apparent difference between data and MC in

the prompt energy spectrum in Fig. 9 is primarily due
to nonlinearity of the detector response. Since all ADs
had similar nonlinearity (as shown in the bottom panel of
Fig. 8), and the energy selection cuts cover a larger range
than the actual distribution, the discrepancies between
MC and data introduced negligible uncertainties to the
rate analysis. Therefore, this nonlinearity correction was
not implemented in this analysis.

4.2 Efficiencies and uncertainties

For a relative measurement, the absolute efficiencies
and correlated uncertainties do not factor into the error
budget. In that regard, only the relative efficiencies and
uncorrelated uncertainties matter. Extraction of abso-
lute efficiencies and correlated uncertainties was done in
part to better understand our detector, and was a natural
consequence of evaluating the uncorrelated uncertainties.
Absolute efficiencies associated with the prompt energy,
delayed energy, capture time, Gd-capture fraction, and
spill-in effects were evaluated with the Monte Carlo. Effi-
ciencies associated with the muon veto, multiplicity cut,
and livetime were evaluated using data. In general, the
uncorrelated uncertainties were not dependent on the de-
tails of our simulation.

Table 4 summarizes the absolute efficiencies and the
systematic uncertainties. The uncertainties of the abso-
lute efficiencies were correlated among the ADs. No rela-
tive efficiency, except the muon veto efficiency εµ and the
average multiplicity cut efficiency εm, were corrected. All
differences between the functionally identical ADs were
taken as uncorrelated uncertainties.

Table 4. Summary of absolute efficiencies, and cor-
related and uncorrelated systematic uncertainties.
For our relative measurement, the absolute effi-
ciencies as well as the correlated uncertainties ef-
fectively cancel. Only the uncorrelated uncertain-
ties contribute to the final error in our relative
measurement.

efficiency correlated uncorrelated

target protons 0.47% 0.03%

flasher cut 99.98% 0.01% 0.01%

delayed energy cut 90.9% 0.6% 0.12%

prompt energy cut 99.88% 0.10% 0.01%

multiplicity cut 0.02% <0.01%

capture time cut 98.6% 0.12% 0.01%

Gd capture fraction 83.8% 0.8% <0.1%

spill-in 105.0% 1.5% 0.02%

livetime 100.0% 0.002% <0.01%

combined 78.8% 1.9% 0.2%

The absolute efficiency of the prompt energy cut
(0.7 < Ep < 12.0 MeV) was determined to be 99.88%.
The energy spectrum is shown in Fig. 9. Inefficiency was
mainly caused by interactions inside the inner acrylic ves-
sel, indicated by the vertex distribution of the rejected
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account for all uncertainties. The resulting p-value was 0.87.
More details about this approach can be found in Ref. [53].
The third analysis exploited both rate and spectral

information in a way that is similar to the first method
but using a covariance matrix. This matrix was calculated
based on standard uncertainty propagation methods, with-
out an extensive generation of Monte Carlo samples. The
obtained p-value was 0.74.
The various analyses have complementary strengths.

Those that incorporated reactor antineutrino flux constraints
had a slightly higher reach in sensitivity, particularly for
higher values of jΔm2

41j. The purely relative analysis was
more robust against uncertainties in the predicted reactor
antineutrino flux. The different treatments of systematic
uncertainties provided a thorough cross-check of the results,
which were found to be consistent for all the analyses in the
region where the relative spectral measurement dominated
the sensitivity (jΔm2

41j < 0.3 eV2). As evidenced by the
reported p-values, no significant signature for sterile neu-
trino mixing was found by any of the methods.
Two methods were adopted to set the exclusion limits in

the ðjΔm2
41j; sin2 2θ14Þ space. The first one was a frequent-

ist approach with a likelihood ratio as the ordering
principle, as proposed by Feldman and Cousins [54].
For each point η≡ ðjΔm2

41j; sin22θ14Þ, the value Δχ2cðηÞ
encompassing a fraction α of the events in the χ2ðηÞ −
χ2ðηbestÞ distribution was determined, where ηbest was the
best-fit point. This distribution was obtained by fitting a
large number of simulated experiments that included
statistical and systematic variations. To reduce the number
of computations, the simulated experiments were generated
with a fixed value of sin2 2θ13 ¼ 0.09 [45], after it was
verified that the dependency of Δχ2cðηÞ on this parameter
was negligible. The point η was then declared to be
inside the α confidence level (C.L.) acceptance region
if Δχ2dataðηÞ < Δχ2cðηÞ.
The second method was the confidence levels CLs

statistical method [55] described in detail in Ref. [56]. A
two-hypothesis test was performed in the (sin2 2θ14,
jΔm2

41j) phase space with the null hypothesis H0 (3-ν
model) and the alternative hypothesis H1 (3þ 1-ν model
with fixed value of sin2 2θ14 and jΔm2

41j). The value of θ13
was fixed with the best-fit value of the data for each
hypothesis. Since both hypotheses have fixed values of
sin2 2θ14 and jΔm2

41j, their χ2 difference follows a Gaussian
distribution. The mean and variance of these Gaussian
distributions were calculated from Asimov data sets with-
out statistical or systematic fluctuations, which avoided
massive computing. The CLs value is defined by

CLs ¼
1 − p1

1 − p0

; ð3Þ

where p0 and p1 are the p-values for the 3-ν and 3þ 1-ν
hypotheses models respectively. The condition of CLs ≤
0.05 was required to set the 95% CLs exclusion regions.

The 95% confidence level contour from the Feldman-
Cousins method and the 95% CLs method’s exclusion
contour are shown in Fig. 3 [57]. The two methods gave
comparable results. The detailed structure is due to the
finite statistics of the data. The impact of varying the bin
size of the IBD prompt energy spectrum from 200 to
500 keV was negligible. Moreover, the choice of mass
ordering in both the three- and four-neutrino scenarios had
a marginal impact on the results. For comparison, Bugey’s
90% C.L. exclusion on ν̄e disappearance obtained from
their ratio of the positron energy spectra measured at
40=15 m [32] is also shown. Our result presently provides
the most stringent limits on sterile neutrino mixing at
jΔm2

41j < 0.1 eV2 using the electron antineutrino disap-
pearance channel. This result is complementary to those

from the νμ
ð−Þ

→ νe
ð−Þ

and νμ
ð−Þ

→ νμ
ð−Þ

oscillation channels. While

the νe
ð−Þ

appearance mode constrains the product of jUμ4j2

and jUe4j2, the νμ
ð−Þ

and νe
ð−Þ

disappearance modes constrain
jUμ4j2 and jUe4j2, respectively.
In summary, we report on a sterile neutrino search

based on a minimal extension of the standard model, the
3ðactiveÞ þ 1ðsterileÞ neutrino mixing model, in the Daya
Bay Reactor Antineutrino Experiment using the electron-
antineutrino disappearance channel. The analysis used the
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Bugey 90% C.L. (40m/15m)

FIG. 3 (color online). Exclusion contours for the neutrino
oscillation parameters sin2 2θ14 and jΔm2

41j. Normal mass hier-
archy is assumed for both Δm2

31 and Δm2
41. The red long-dashed

curve represents the 95% C.L. exclusion contour with Feldman-
Cousins method [54]. The black solid curve represents the 95%
CLs exclusion contour [55]. The parameter space to the right side
of the contours is excluded. For comparison, Bugey’s [32]
90% C.L. limit on ν̄e disappearance is also shown as the green
dashed curve.
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13. Expected	
  Experiment/Project	
  time	
  line	
  
a. Design	
  and	
  development:	
  2005-­‐2008	
  
b. Construction	
  and	
  Installation:	
  2007-­‐2011	
  
c. First	
  data:	
  2011	
  
d. End	
  of	
  data	
  taking:	
  2017	
  
e. Final	
  results:	
  2020	
  

14. Estimated	
  cost	
  range	
  
a. US	
  contribution	
  to	
  the	
  experiment/project:	
  35	
  million	
  US	
  dollars	
  
b. International	
  contribution	
  to	
  the	
  experiment/project:	
  50	
  million	
  US	
  dollars	
  
c. Operations	
  cost:	
  US$5	
  million/year	
  (total)	
  that	
  includes	
  $1.5M/year	
  from	
  the	
  U.S..	
  

15. The	
  Future	
  
a. Possible	
  detector	
  upgrades	
  and	
  their	
  motivation:	
  	
  Various	
  options	
  for	
  upgrades	
  of	
  Daya	
  Bay	
  

are	
  under	
  consideration,	
  including	
  modifications	
  for	
  high	
  resolution	
  measurement	
  of	
  reactor	
  
antineutrino	
  spectrum,	
  measurement	
  of	
  sin22θW,	
  continued	
  running	
  for	
  sin22θ13	
  and	
  
supernova	
  bursts,…	
  

b. Potential	
  avenues	
  this	
  project	
  could	
  open	
  up:	
  The	
  measurement	
  of	
  sin22θ13	
  has	
  been	
  critically	
  
important	
  for	
  the	
  entire	
  field	
  of	
  neutrino	
  physics,	
  enabling	
  resolution	
  of	
  mass	
  hierarchy	
  and	
  
searches	
  for	
  CP	
  violation.	
  Improved	
  precision	
  by	
  Daya	
  Bay	
  is	
  critically	
  important	
  for	
  improved	
  
precision	
  in	
  these	
  determinations	
  and	
  for	
  tests	
  of	
  the	
  3-­‐ν	
  model.	
  


